Ploidy is tightly regulated in eukaryotic cells and is critical for cell function and survival. Cells coordinate multiple pathways to ensure replicated DNA is segregated accurately to prevent abnormal changes in chromosome number. In this study, we characterize an unanticipated role for the Saccharomyces cerevisiae "remodels the structure of chromatin" (RSC) complex in ploidy maintenance. We show that deletion of any of six nonessential RSC genes causes a rapid transition from haploid to diploid DNA content because of nondisjunction events. Diploidization is accompanied by diagnostic changes in cell morphology and is stably maintained without further ploidy increases. We find that RSC promotes chromosome segregation by facilitating spindle pole body (SPB) duplication. More specifically, RSC plays a role in distributing two SPB insertion factors, Nbp1 and Ndc1, to the new SPB. Thus, we provide insight into a role for a SWI/SNF family complex in SPB duplication and ploidy maintenance.
Introduction
Ploidy is defined by the number of complete sets of chromosomes in an organism. Human cells generally maintain the diploid state; however, controlled changes in ploidy levels are required for processes such as gametogenesis, cellular development, and differentiation. In contrast, unscheduled changes in ploidy can lead to genome instability and aneuploidy, both of which contribute to disease (Davoli and de Lange, 2011) . Additionally, ploidy alterations in pathogenic organisms can lead to evolved drug resistance (Harrison et al., 2014) or cellular growth that allows for evasion of the host's immune system (Zaragoza et al., 2010; Okagaki and Nielsen, 2012) . Thus, defining the pathways that maintain ploidy, as well as the consequences of changing ploidy states, is critical to understand diverse aspects of cell function.
Cellular pathways that are important for ploidy control include those involved in DNA replication, chromosome segregation, and cytokinesis. Studies in Saccharomyces cerevisiae have led to the identification and characterization of proteins involved in ploidy maintenance, particularly proteins involved in duplicating the spindle pole body (SPB), which is the yeast centrosome (Schild et al., 1981; Winey et al., 1991; Chial et al., 1999; Jaspersen et al., 2002) . The SPB is a large protein complex that is embedded in the nuclear envelope and is duplicated once per cell cycle (Jaspersen and Winey, 2004; Winey and Bloom, 2012) . Thus, one critical step of SPB duplication is the insertion of the newly duplicated SPB into the nuclear envelope. Several key SPB insertion factors (Bbp1, Mps2, Mps3, Nbp1, and Ndc1) have been characterized, but the exact mechanism of how insertion is achieved remains elusive (Winey et al., 1991 (Winey et al., , 1993 Schramm et al., 2000; Jaspersen et al., 2002; Araki et al., 2006; Rüthnick et al., 2017) . SPB insertion is thought to involve the nuclear pore complex (NPC), a nuclear membrane-spanning complex that is responsible for nuclear import and export. Many studies suggest that Ndc1, a shared component of the SPB and NPC, is involved in creating an opening in the nuclear envelope that is necessary for protein complex insertion (Chial et al., 1999; Sezen et al., 2009; Witkin et al., 2010; Chen et al., 2014; Katta et al., 2015; Sezen, 2015; Rüthnick et al., 2017) . In support of this idea, Ndc1 mutants are unable to properly insert either the SPB or the NPC into the nuclear envelope (Lau et al., 2004; Onischenko et al., 2009) . Interestingly, appropriate expression of Ndc1 is critical for SPB insertion, where having too much or too little Ndc1 causes SPB insertion defects (Chial et al., 1999) .
SPB insertion also relies on the nuclear import of the Ndc1-binding partner, Nbp1 (Araki et al., 2006; Kupke et al., 2011; Rüthnick et al., 2017) . After translation in the cytoplasm, the karyopherin Kap123 binds the bipartite nuclear localization signal 1 (NLS1) of Nbp1 leading to transportation to the NPC (Kupke et al., 2011) . Nuclear import through the NPC releases Nbp1 from Kap123, which exposes the amphipathic α helix on Nbp1, causing binding to the nuclear envelope. Nbp1 then localizes to the SPB where it helps mediate insertion of the new SPB into the nuclear envelope. Interestingly, deletion of KAP123 has been shown to cause spontaneous diploidization (Ptak et al., 2009) , which corresponds to an accumulation of Nbp1 in the cytoplasm (Kupke et al., 2011) . Data suggest that timely localization of Nbp1 to the nuclear side of the duplicating SPB is critical for SPB insertion into the nuclear envelope (Burns et al., 2015) .
The diversity of pathways that could impinge on ploidy maintenance by influencing SPB function has not been probed systematically. Recently, chromatin remodeling complexes have been implicated in ploidy maintenance in yeast (Lanzuolo et al., 2001; Yu et al., 2006; Campsteijn et al., 2007; Chambers et al., 2012; Wang and Cheng, 2012; Imamura et al., 2015) and higher eukaryotes (Isakoff et al., 2005; Vries et al., 2005; Sillibourne et al., 2007) . In this study, we find that the yeast "remodels the structure of chromatin" (RSC) complex is a key element in maintaining chromosome number and reveal an unanticipated role for RSC in promoting SPB insertion into the nuclear envelope. RSC is a 17-subunit SWI/SNF family chromatin remodeler that has diverse functions in regulating gene expression in chromatin transactions (Laurent et al., 1992; Cairns et al., 1996 Cairns et al., , 1998 Cairns et al., , 1999 Cao et al., 1997; Angus-Hill et al., 2001; Romeo et al., 2002; Sanders et al., 2002; Baetz et al., 2004) . We show that six of seven nonessential RSC subunits facilitate SPB insertion in a transcription-independent manner. More specifically, we find that the RSC subunit Htl1 is required for proper distribution of the insertion factors Nbp1 and Ndc1 to the duplicating SPB.
Results

Nonessential RSC genes maintain ploidy
The budding yeast nonessential gene deletion collection is an important resource for the functional dissection of the eukaryotic cell (Giaever and Nislow, 2014) . We found that haploid deletion mutants of nonessential RSC subunit genes had become diploid over time. As some connections between RSC genes and gains in ploidy have been noted (Romeo et al., 2002; Yu et al., 2006; Campsteijn et al., 2007; Wang and Cheng, 2012; Imamura et al., 2015) , we developed an assay for detecting ploidy increases, generating fresh haploid deletion mutants of the seven nonessential RSC genes by sporulating heterozygotes and monitoring DNA content during 100 generations of growth (Fig. 1 a) . Deletion of RSC1, RSC2, RSC30, LDB7, NPL6, or HTL1, but not RTT102, caused haploid cells to spontaneously diploidize after germination (Fig. 1 b) . Biological replicates of this assay showed that each rscΔ strain diploidized after a characteristic number of generations, suggesting that individual subunits play unequal roles in ploidy maintenance. The diploidization rate of each deletion mutant remained consistent between replicates despite differences in mating type or auxotrophic markers. Comparative genome hybridization (CGH) on tiling microarrays revealed that diploidized rscΔ strains acquired two complete copies of the genome and were not aneuploid (Fig. S1 a) . We were unable to detect mating-type switches in diploidized strains, indicating that the ploidy increases occurred through autodiploidization (Figs. 1 c and S1, b and c).
In all cases, rscΔ mutants propagated stably as diploids, without evidence of tetraploidization. To gain insight into how diploids arise rapidly without subsequent ploidy gain to produce tetraploids, we compared the growth rates of rscΔ haploids to rscΔ diploids (Figs. 1 d and S1 d) . In all testable cases, diploidization caused only a modest decrease in doubling time compared with the haploid counterpart, suggesting that the rapid diploidization must be due to frequent diploidization events rather than a rare event accompanied by a large fitness gain. Because rscΔ tetraploids are not detectable during 100 generations of growth, we created tetraploid rscΔ cells by mating diploidized MATa/a and MATα/α strains to make MATa/a/α/α homozygous rscΔ tetraploid strains. We then compared the viability of the tetraploids to that of the haploid and diploid rscΔ cells (Fig. 1 , e and f). In the wild-type strains, no dead cells were detected after 20 generations in haploid and diploid populations, whereas the tetraploid population showed a slight reduction in viability (Fig. 1 e) . The rsc2Δ strains showed decreased viability compared with the wild-type control, but little effect of ploidy on viability. In contrast, the htl1Δ tetraploids showed a clear decrease in viability (Fig. 1 e) . Flow cytometric analysis indicated that the rsc2Δ tetraploid population reverted back to diploid, suggesting a ploidy drive to the diploid state (Fig. 1 f) . The htl1Δ tetraploids showed evidence of aneuploidy (Fig. 1 f ) . Together, these data suggest that tetraploids are not detected in rscΔ populations because these cells either revert back to the diploid state (as in rsc2Δ) or become inviable because of aneuploidy (as in htl1Δ).
Distinct morphological features define diploidized rscΔ mutants
To evaluate the effect of spontaneous diploidization on cell morphology, we measured 254 cellular features of rscΔ mutants using CalMorph software (Ohya et al., 2005) . The two most obvious features that differentiated diploidized rscΔ mutants from the haploid wild type, rtt102Δ, or the majority of the deletion collection were the whole-cell size in budded cells that contain only one nucleus (C101_A1B) and the bud-axis ratio in budded cells that contain only one nucleus (C114_A1B; Fig. 2 a) . Identification of these features was consistent with the relationship between increasing ploidy and cell size (Otto, 2007) and with the elongated bud phenotype documented in rscΔ mutants (Watanabe et al., 2009) .
Principal component analysis (PCA) was used to visualize morphological features that distinguished diploidized rscΔ mutants. As a control, we found that rtt102Δ is morphologically similar to MATa wild-type haploids, whereas diploidized rscΔ strains are morphologically distinct from MATa wild-type haploids and MATa/α wild-type diploids (Fig. 2 b) but similar to wild-type MATa/a diploids. Thus, morphological analysis suggests that rscΔ mutants diploidize by an autodiploidization event rather than cellular fusion of two cells by mating, consistent with the mating-type analysis (Fig. 1 c) . We extracted 120 measurements that contributed most strongly to the variance detected by PCA and used hierarchical clustering analysis to identify 10 representative traits that define diploidized rscΔ morphology (Table S1 ). We anticipate that these features may be indicative of spontaneous ploidy increase and could be used to find new ploidy maintenance genes in future studies.
To test if the effect of losing nonessential RSC subunits was characteristic of loss of RSC function in general, we analyzed the morphology of conditional mutants in the catalytic subunit of RSC, Sth1 (Fig. 2, c and d) . We found that sth1-2, but not sth1-3, was morphologically similar to the diploidized rscΔ mutants and to MATa/a cells and that sth1-2, but not sth1-3, had diploidized.
Together, these data demonstrate that both nonessential and essential RSC subunits maintain ploidy and define a set of morphological features that are specific to MATa/a diploids.
SPB duplication is defective in rsc mutants
The spontaneous diploidization observed in rscΔ mutants is reminiscent of mutants with defective SPB duplication that missegregate a complete chromosome set (Schild et al., 1981; Winey et al., 1991 Winey et al., , 1993 Chial et al., 1999; Schramm et al., 2000; Jaspersen et al., 2002; Araki et al., 2006) . To assess SPB function, fresh haploid cells containing an rscΔ, mCherry-tagged histone H2A and GFP-tagged Spc42 were grown to mid-logarithmic phase, and defective SPBs in large-budded cells were quantified (Fig. 3 a) . The total number of SPB defects in diploidizing rscΔ strains increased dramatically relative to the haploid wild-type and the rtt102Δ strain. Monopolar SPBs (where only a single SPB is detected), dead SPBs (where the DNA mass marked by histone-mCherry fails to associate with one of the SPBs), and multiple SPBs were markedly increased in all of the diploidizing rscΔ strains. We infer that the ploidy gain in rscΔ mutants is due to SPB defects that result in segregation failures. Consistent with distinct roles for each subunit in the ploidy maintenance function of RSC, the individual mutants showed distinct patterns and numbers of SPB defects, although our evidence (below) points to a common origin for the distinct SPB defects. We were surprised that the total number of SPB defects did not correlate with the rate of spontaneous diploidization observed by flow cytometry ( Fig. 1 b) ; however, kinetic studies (below) revealed that assessing Figure 1 . Haploid RSC deletion mutants spontaneously form stable diploids. (a) Heterozygous rscΔ strains were sporulated (i) and dissected (ii). A resulting colony was used to inoculate a liquid culture (iii), which was grown to saturation (iv). Saturated cultures were diluted and grown for an additional 4 h and then fixed for flow cytometry (v), and the OD 600 of the saturated culture was measured (vi). The saturated culture was then diluted 1 in 1,000 (vii) to repeat steps iv to vii for 10 cycles, which represents ∼100 generations of growth. SPB function by analyzing static images can result in a high false-negative rate. Finally, most diploidizing rscΔ mutants had increased instances of multiple SPBs, a phenotype only rarely seen in the IN080 mutant, ies6Δ, which also spontaneously diploidizes (Fig. S2 a; Chambers et al., 2012) . We suggest that the RSC and INO80 chromatin remodeling complexes play mechanistically distinct roles in ploidy maintenance.
We next assessed the ability of defective SPBs to nucleate microtubules by introducing a plasmid expressing GFP-TUB1 (Fig. S2 b) . We found that dead SPBs were defective in microtubule nucleation, as expected (Chial et al., 1999; Araki et al., 2006; Kupke et al., 2011; Chen et al., 2014) . Interestingly, large-budded cells that contain multiple SPBs (ranging from three to nine SPBs per cell) had more than two SPBs that were able to nucleate microtubules and associate with DNA, suggesting that the supernumerary SPBs were at least partially functional. To test whether SPBs accumulate as ploidy increases, we quantified large-budded cells with SPB defects in haploid, diploid, and tetraploid rsc2Δ strains and found that tetraploid cells had an elevated number of large-budded cells with multiple SPBs (Fig. S2 c) . Thus, SPBs seem to accumulate as ploidy increases, suggesting that supernumerary SPBs might fail to segregate accurately in some instances.
To monitor SPB kinetics in cells transitioning from the haploid to diploid state, we created a glucose-repressible allele of HTL1, the RSC gene that caused the fastest diploidization rate when deleted (Fig. 1 b) . The efficiency of the shut-off allele was assessed by monitoring the ploidy of wild-type and htl1Δ strains containing the glucose-repressible HTL1 gene after growth in medium containing galactose (HTL1 on) or glucose (HTL1 off) (Fig. 3 b) . The wild-type strain remained haploid regardless of the carbon source, whereas the htl1Δ strain was haploid when grown on galactose but fully diploidized after 20 generations of growth in medium containing glucose. Additionally, microscopic analysis showed that diploidization correlated with an increase in SPB defects (Fig. 3 c) . Thus, the HTL1 shut-off strain can be used for conditional induction of SPB defects and spontaneous diploidization.
A microfluidics system was used to monitor the effects of Htl1 depletion on SPB duplication in live cells over the course of 8 h ( Fig. 3 d and Videos 1, 2, 3, 4, and 5). Large-budded cells containing each of the indicated SPB defects were captured in real time. In the "monopolar SPB" series, only a single SPB is detected, and the DNA mass remains in the mother cell through 1.5 h. The mother then rebuds and undergoes a round of SPB duplication and segregation by 3 h. The result is three cells, one with no DNA and two that are presumably diploid. In the "dead SPB" series, the DNA mass remains associated with a single SPB, even though SPB duplication has occurred and the small daughter SPB has migrated into the bud by 0.5 h. By 3 h, the DNA mass has collapsed into the mother cell, which is presumably diploid, leaving a daughter cell with a SPB but no DNA. In the "unseparated SPB" series, the SPB in the cell on the left has duplicated by 0.5 h, but the SPBs do not become distantly separated and remain associated with a single, presumably diploid, DNA mass in the mother cell. The daughter cell fails to receive any DNA or a SPB, although the mother cell now has two SPBs. We have observed that cells with two SPBs can enter the next cell cycle and rebud and duplicate both SPBs, resulting in the "multiple SPB" phenotype (shown for a rsc2Δ mutant, compare 0.5 h with 1 h). These data reveal that depletion of a single RSC gene can cause SPB duplication failure, dead SPBs, or multiple SPBs and that each of these SPB defects results in a nondisjunction event that causes diploidization. We also note that in all three SPB defects, a G 2 /M delay was observed (Fig. S4 a) , suggesting that the spindle assembly checkpoint is intact; however, after a few hours of arrest, cell cycle progression resumed.
The resolution of confocal microscopy is insufficient to distinguish adjacent but unseparated SPBs from SPBs that have failed to duplicate (Chen et al., 2014) . To accurately define the defect in the monopolar SPB category, we used structured illumination microscopy (SIM) to visualize large-budded cells containing Spc42-GFP before and after depleting Htl1 for 12 h (Figs. 3 e and S2 d). Large-budded cells with a truly monopolar SPB were not detected, indicating that Htl1 depletion does not cause defects in the first step of SPB duplication, when the satellite forms. Instead, we find that Htl1 depletion causes the accumulation of adjacent duplicated SPBs that have failed to separate. Additionally, we captured large-budded cells with very small dead poles, indicating that migration of a dead SPB into the bud requires only a small amount of Spc42-GFP. We also observed a budded cell that contained two pairs of adjacent SPBs (multiple SPBs) further supporting the idea that rsc mutant cells can duplicate supernumerary SPBs and suggesting that cells lack an SPB counting mechanism. Spc42-mCherry consistently colocalizes with another core SPB component, Spc29-GFP, indicating that we are detecting bona fide SPBs (Fig. S2 e) .
RSC function in ploidy maintenance is independent of transcription
The canonical functions of RSC involve modulation of gene expression at the level of transcription (Angus-Hill et al., 2001; Damelin et al., 2002; Ng et al., 2002; Badis et al., 2008; Parnell et al., 2008) , although transcription-independent RSC functions have been described: cohesin loading (Wong et al., 2002; Baetz et al., 2004; Huang et al., 2004; Liefshitz and Kupiec, 2011; Oum et al., 2011; Lopez-Serra et al., 2014) , DNA damage repair (Sinha and Peterson, 2009) , centromere remodeling required for kinetochore loading (Tsuchiya et al., 1998; Hsu et al., 2003; Desai et al., 2009; Verdaasdonk et al., 2012) , and telomere maintenance (Ungar et al., 2009; Van de Vosse et al., 2013) . Genome-scale studies to identify RSC transcriptional targets in the cell have been reported; however, the overlap between studies is small (Fig. S3 a; Angus-Hill et al., 2001; Damelin et al., 2002; Ng et al., 2002; Parnell et al., 2008) . To identify RSC targets relevant to ploidy maintenance, we compared mRNA levels from haploid rtt102Δ, haploid rsc1Δ, haploid rsc2Δ, diploidized npl6Δ, and diploidized htl1Δ with a haploid wild-type strain and the mRNA levels in a wild-type or htl1Δ strain containing the glucose-repressible HTL1 allele before and after growth in glucose for 24 h. We found only eight genes that were differentially regulated in at least three of five diploidizing strains (rsc1Δ, rsc2Δ, npl6Δ, htl1Δ, and the HTL1 shut-off) but not in rtt102Δ. None had a known connection to SPB function or to DNA segregation, and overexpression of the three up-regulated genes (HSP12, CPA2, and YGP1) or deletion of the five down-regulated genes (AGA1, BTN2, IMD2, MET6, and TIR1) did not cause spontaneous diploidization (Table S2 and Fig. S3 , b and c). Thus, it is unlikely that RSC regulates ploidy through a transcriptional mechanism.
The RSC complex promotes SPB insertion To gain mechanistic insight into how RSC facilitates SPB duplication, we used synthetic genetic array (SGA) analysis to identify all genetic interactions for rscΔ alleles (Table S3) . Because most rscΔ mutants diploidize rapidly, these genes are poorly represented in previous large-scale genetic interaction screens (Costanzo et al., 2010) . However, we determined that SGA could be performed on fresh haploid isolates of rsc1Δ, rsc2Δ, rsc30Δ, and ldb7Δ. No gene ontology enrichment was detected in the identified interacting genes; however, there was a large number of positive genetic interactions between RSC and SPB components (Fig. 4 a) . To complement this finding, a high-copy-number plasmid containing each SPB component controlled by its native promoter (Magtanong et al., 2011) was transformed into the HTL1 shut-off strain, and serial dilutions of cells were spotted onto medium containing galactose or glucose. Upon depletion of Htl1, a negative synthetic dosage interaction was observed with MPS3 and NDC1 (Fig. 4 b) , both of which are important for insertion of new SPBs into the nuclear envelope during the SPB duplication cycle (Chial et al., 1999; Friederichs et al., 2011; Chen et al., 2014) . Interestingly, this negative interaction corresponded to faster diploidization (Fig. 4 c) . We also observed that overexpression of another SPB insertion factor, Nbp1, resulted in faster growth when Htl1 was depleted (Fig. 4 b) . Surprisingly, overexpression of Nbp1, and no other SPB component, rescued the diploidization phenotype (Fig. 4 c) , indicating that Nbp1 is limiting when Htl1 is depleted.
We reasoned that if insufficient Nbp1 is the cause of diploidization and SPB defects in rsc mutants, then the rsc mutants should display SPB insertion defects. The colocalization of the nuclear SPB component Spc110 with the core SPB component Spc42 is indicative of SPB insertion into the nuclear envelope (Friederichs et al., 2011) . As Htl1 is depleted, large-budded cells with a single-focus-containing Spc42-mCherry and Spc110-GFP began to accumulate ( The uninserted SPB was found almost exclusively in the bud (Fig.  S4 b) , in agreement with the location of the dead SPBs observed in our other experiments. Consistent with a model in which limiting Nbp1 is the cause of the observed insertion defect and resulting diploidization, increasing NBP1 gene dosage partially ameliorated the SPB insertion defect caused by Htl1 depletion (Fig. 5 c) . Together this suggests that overexpression of Nbp1 can delay spontaneous diploidization, but RSC likely plays an additional role in Nbp1 function at the SPB.
To obtain a high-resolution view of the SPB defects, we imaged cells during Htl1 depletion by transmission electron microscopy (TEM). The dead SPB appeared to be partially inserted into the nuclear envelope but failed to nucleate nuclear microtubules, resulting in the pulling of a tubule of nuclear envelope into the bud (Fig. 5 d, top and middle) . The old SPB was found in an abnormal position at the bud neck, with nuclear microtubules evident (Fig. 5 d, bottom) . We conclude that the dead SPB could be partially inserted into the nuclear membrane but is unable to bind Spc110 and thus unable to nucleate nuclear microtubules. This results in a failure to segregate any DNA from the mother cell, which would therefore become diploid.
Depletion of Htl1 causes altered NPC morphology and nuclear envelope abnormalities
We considered two models to explain how RSC promotes SPB insertion, one involving direct action of RSC at the SPB and the other involving RSC enhancing nuclear transport via the NPC. Although a large-scale study identified weak interactions between RSC and the SPB (Lambert et al., 2010) and the BAF180 subunit of the human RSC orthologue (PBAF) can be detected at spindle poles (Xue et al., 2000) , we were unable to detect RSC-SPB interactions by yeast two-hybrid (Y2H; Fields and Song, 1989) or RSC at the SPB by bimolecular fluorescence complementation (BiFC; Sung and Huh, 2007; Fig. S3, d-f) .
The RSC complex physically interacts with the NPC (Van de Vosse et al., 2013) , is important for NPC assembly, and plays a role in maintaining nuclear envelope integrity (Titus et al., 2010) . Furthermore, an npl6 temperature-sensitive mutant is defective in nuclear transport of several proteins (Bossie and Silver, 1992) , and a rsc9-1 strain is defective in nuclear export of Kap121 (Damelin et al., 2002) , all implicating RSC in NPC function. Because nuclear import of Nbp1 is critical for SPB insertion (Kupke et al., 2011) , we examined the morphology of NPCs during Htl1 depletion (Figs. 6 a and S5 a) . The NPC distribution changes from the typical uniform distribution at the nuclear periphery (time = 0) to an abnormal and punctate distribution at later times. The abnormal NPC distribution is an indicator of NPC and/or nuclear envelope stress (Titus et al., 2010; Meseroll and Cohen-Fix, 2016) . We tested whether overexpression of NBP1 rescued the NPC localization by quantifying pixel intensity in at least 100 cells containing Nic96-GFP or Nup170-GFP before and after Htl1 depletion. We found that depletion of Htl1 resulted in higher levels of Nic96-GFP aggregation compared with Nup170-GFP, suggesting that Htl1 has varying influences on specific Nup localization. Interestingly, overexpression of NBP1 rescued Nic96-GFP morphology, suggesting that NPC localization is influenced by SPB insertion defects rather than RSC depletion (Figs. 6 b and S5, b and c).
We examined individual NPCs using TEM and did not detect structural abnormalities; however, we did observe enrichment of NPCs on nuclear tubules that result from uninserted SPBs (Fig. 6 c) . Interestingly, we also observed unusual nuclear envelope flares after Htl1 depletion in cells with SPB insertion defects ( Fig. 6 d, left) . The flares formed opposite to the old SPB (Fig. 6 d, right) and are consistent with excessive synthesis of the nuclear envelope, a feature that has been attributed to prolonged arrest at the spindle assembly checkpoint (Witkin et al., 2012) . We propose that abnormal Nbp1 function results in SPB insertion defects that in turn lead to abnormal NPC morphology and nuclear envelope stress.
Htl1 influences the distribution of Nbp1 and Ndc1 to SPBs
To test whether RSC-dependent nuclear transport of Nbp1 through the NPC is responsible for ploidy maintenance, we used a plasmid to overexpress Nbp1-GFP from a strong ADH1 promoter and examined Nbp1-GFP import after Htl1 depletion. Cells that lack the Nbp1 import karyopherin Kap123 accumulate Nbp1-GFP in the cytoplasm, as reported (Fig. 7 a; Kupke et al., 2011 ). In contrast, when Htl1 is depleted, Nbp1-GFP accumulates inside the nucleus in apparent aggregates that rarely colocalize with the SPB. We infer that RSC is not affecting transport of Nbp1 into the nucleus and that RSC function is important for proper association of Nbp1 with the SPB. To quantify the amount of Nbp1-GFP at the SPB (marked by Spc42-mCherry), we tagged chromosomal NBP1 with GFP to reduce Nbp1-GFP variability caused by differences in plasmid copy number. We found that Nbp1-GFP caused rapid diploidization, so we also expressed a high-copy-number plasmid containing untagged NBP1 controlled by its native promoter (Magtanong et al., 2011) to suppress ploidy changes. Nbp1-GFP was lost at dead poles after 8-12 h of Htl1 depletion, and Nbp1-GFP appeared to be absent from both SPBs after 24 h (Fig. 7 b) . Quantification of Nbp1-GFP at >200 SPBs revealed a clear decrease in SPB-associated Nbp1 during Htl1 depletion (Figs. 7 d and S6 , a-c) indicating that RSC is required for proper Nbp1 localization to the SPB. We next quantified the total cellular abundance of Nbp1 (Fig. 7 c) . Little change in total Nbp1 abundance was evident when Htl1 was depleted, indicating that a decrease in total Nbp1 is unlikely to account for the loss of SPB-associated Nbp1 or for the loss of Nbp1 function that we observed.
Nbp1 binds directly to Ndc1, a SPB insertion factor that is also a component of the NPC (Araki et al., 2006) . Thus, we measured the level of Ndc1 at SPBs and at NPCs (Figs. 7 e and S6, d-f) . During Htl1 depletion, we detected a redistribution of Ndc1 from the SPB to the NPC, consistent with a failure to stabilize Ndc1 at the SPB because of the decrease in Nbp1 at the SPB. Given that depleting Htl1 does not affect Nbp1 transport into the nucleus or total Nbp1 levels, we conclude that RSC function is essential for normal Nbp1 localization to the SPB to promote redistribution of Ndc1 from the NPC to the SPB to catalyze insertion of the new SPB.
Discussion
We have defined the role of the RSC complex in ploidy maintenance. At least 15 of 17 RSC subunits have now been implicated in this role (this study and Lanzuolo et al., 2001; Yu et al., 2006; Campsteijn et al., 2007; Wang and Cheng, 2012 ; Imamura et al., Wild-type and HTL1 shut-off strains were grown in rich medium containing glucose for 8 h. Cells were imaged each hour, and at least 100 large-budded cells were assessed for the phenotypes depicted in panel a. (c) The experiment outlined in panel b was repeated with HTL1 shut-off strains expressing Spc42-mCherry and Spc110-GFP and carrying either the empty vector or a high-copy plasmid expressing NBP1 from its native promoter. (d) TEM was performed on an HTL1 shut-off strain after 12 h of logarithmic growth in rich media containing glucose. All images are sections from the same large-budded cell. An abnormal nuclear protrusion (top), a dead SPB (red arrow; middle) and a mature SPB (red arrow; bottom) are shown. Bars: (large images) 0.5 μm; (insets) 0.1 μm.
2015), suggesting that the entire complex is important for preventing changes in the number of chromosome sets. Function in ploidy maintenance is an unanticipated role for RSC, independent of its characterized roles in regulating gene expression and other chromatin-related activities. By surveying the complete set of nonessential RSC subunits, we find that the contribution of each subunit to ploidy maintenance is not equivalent but that all rsc mutants, except rtt102Δ, find equilibrium at the diploid state, which results in distinct changes in cellular morphology. We identify the mechanism of ploidy gain in rsc mutants: complete genome missegregation caused by defective SPB morphogenesis. We define the SPB defect as a failure of the nascent SPB to insert properly into the nuclear envelope and to subsequently nucleate nuclear microtubules and capture the kinetochores. Fig. S5 a. (b) Nic96-and Nup170-GFP intensity per pixel was measured as a proxy for NPC morphology. At least 100 HTL1 shut-off cells were measured for each strain. Glucose shut-offs were performed in the absence (vector) and presence of NBP1 overexpression. The distribution of GFP intensity per pixel is displayed, as is the percentage of pixels above and below 100,000 arbitrary units. The P values from a one-tailed Mann-Whitney test are shown. Corresponding flow cytometry histograms can be found in Fig. S5 b. (c) NPC structure (red triangles) was examined using TEM on an HTL1 shut-off strain after 12 h of logarithmic growth in media containing glucose. A representative section showing eight NPCs on a nuclear tubule is shown. (d) TEM was performed on an HTL1 shut-off strain after 12 h of logarithmic growth in media containing glucose. Both images represent sections from the same large-budded cell. An abnormal nuclear flare (red arrow; left) and a monopolar SPB (red arrow; right) can be seen. Bar, 0.5 μm.
Further, we find that SPB insertion failure is the result of insufficient quantities of the insertion factors Nbp1 and Ndc1 at the SPB. Although many studies have observed a link between RSC and NPC function (Bossie and Silver, 1992; Damelin et al., 2002; Titus et al., 2010 ; Van de Vosse et al., 2013), we do not see defects in nuclear import of Nbp1. Because overexpression of Ndc1 does not rescue spontaneous diploidization in rsc mutants, our findings support a model where, after nuclear import of Nbp1, RSC is critical for effective localization of Nbp1 to the duplicating SPB, which allows Nbp1 to stabilize Ndc1 at the new SPB to promote SPB insertion and ploidy maintenance (Fig. 8) .
SPB insertion influences inheritance
The recent discovery of the SPB inheritance network has defined the pathway that allows cells to differentiate the old and new SPB (Lengefeld et al., 2017) . In wild-type cells, the preexisting SPB is marked by Swe1-dependent phosphorylation of Nud1 in G1 resulting in movement of the old SPB into the bud while the new SPB remains in the mother cell. In rscΔ cells, we find that the new, uninserted SPB migrates into the bud while the old SPB oscillates between the mother and bud before residing in the mother with the duplicated genome (Video 3), indicating that proper SPB insertion of the new SPB into the nuclear envelope is required for normal SPB inheritance. We propose that the HTL1 shut-off allele will be a valuable tool to understand the influence of SPB insertion on inheritance.
Absence of an SPB counting mechanism Mutants in rsc delay in G2/M, yet ultimately proceed through mitosis and cytokinesis, resulting in the production of anucleate cells coincident with increased ploidy of the mother cell. Thus, the rsc mutants activate and adapt to the spindle assembly checkpoint. The process of passing through mitosis and cytokinesis without chromosome segregation can lead to both SPBs remaining in the mother cell (see example in Fig. 3 d) and then duplication of both SPBs at G1/S of the next cell cycle (Video 5). We conclude that the relicensing of SPBs for duplication, presumably by dephosphorylation of the half-bridge component Sfi1 (Avena et al., 2014; Elserafy et al., 2014) , occurs normally in rsc mutants despite the presence of supernumerary SPBs. shut-off strains expressing Nbp1-GFP and carrying a high-copy plasmid expressing NBP1 were grown in medium containing glucose for the indicated times. A summed projection of a representative large-budded cell for each time point in the HTL1 shut-off is shown. Bar, 3 µm. Corresponding flow cytometry histograms can be found in Fig. S6 a. (c) The mean GFP intensity per pixel in the whole cell was measured for 100 cells at the indicated times by using summed intensity projections from panel b. Error bars represent one SD from the mean. (d) Levels of Nbp1-GFP at >200 SPBs were measured in wild-type and HTL1 shut-off strains carrying a high-copy plasmid expressing NBP1 at the indicated times during growth in glucose. The ratio of Nbp1-GFP to Spc42-mCherry at the SPBs is plotted. The black bars represent the medians. (e) Levels of Ndc1-GFP at SPBs or NPCs were measured in the HTL1 shut-off strain at the indicated times. The ratio of SPB-associated Ndc1-GFP to Spc42-mCherry for at least 200 SPBs is shown on the left. The amount of Ndc1-GFP at the NPC cells is displayed on the right. The black bars represent the medians. Corresponding flow cytometry histograms can be found in Fig. S6 d. The P values were calculated using a two-tailed Mann-Whitney test.
Furthermore, as many as 9% of large-budded cells have multiple SPBs in rscΔ populations (Fig. 3 a, rsc2Δ ; and Video 5), ranging from three to as many as nine SPBs in a single cell, and accumulation of supernumerary SPBs correlates with ploidy increase, indicating that SPB duplication cycles continue in the presence of abnormal SPB numbers. Finally, we find that the supernumerary SPBs are able to nucleate microtubules (Fig. S2 b) and contain at least two core SPB proteins (Fig. S2 e) , suggesting that multiple SPBs are the product of the normal SPB duplication process and not the result of SPB fragmentation. Thus, although SPB duplication is limited to once per cell cycle by licensing Sfi1 (Avena et al., 2014; Elserafy et al., 2014) , yeast cells do not seem to have the ability to detect extra SPBs. It will be of interest to determine whether the absence of SPB counting is unique to rsc mutants or is a property of wild-type cells.
RSC influences Nbp1 and Ndc1 distribution
The distribution of Ndc1 between the SPB and NPC is dependent on another SPB factor, Mps3 (Chen et al., 2014) . In our setting, we find that Nbp1 is the key ploidy maintenance factor that becomes limiting when RSC is depleted and that Nbp1 does not accumulate appropriately at the SPBs in the absence of RSC. This results in alteration of Ndc1 distribution where we observe loss of Ndc1 at the SPB and gain at the NPC. Superresolution microscopy shows that Nbp1 is the last SPB component to localize to the duplicating SPB (Burns et al., 2015) , and our data suggest localization of Nbp1 is critical for maintaining Ndc1 at SPBs to facilitate SPB insertion. Additionally, we observe NPC aggregation and abnormal nuclear envelope flaring when Htl1 is depleted, which corresponds with an increase of Ndc1 at NPCs. Thus, increased Ndc1 at the NPCs could contribute to abnormal NPC morphology and nuclear envelope flaring. A key question that remains is how RSC specifically influences Nbp1 localization to the SPB. RSC does not regulate Nbp1 levels or facilitate Nbp1 nuclear transport, and so RSC must promote Nbp1 localization to the SPB through an alternative mechanism, which remains to be discerned.
The drive to diploidy
Previous studies with wild-type S. cerevisiae strains have revealed a drive for particular ploidy states under specific stress conditions (Gerstein et al., 2006) . We find that rscΔ mutants, like wild-type yeast, exist predominantly in the diploid state. We propose that rscΔ mutants have difficulty reaching a critical threshold of Nbp1, resulting in delayed SPB duplication and insertion and spontaneous diploidization. The modest increase in fitness observed in our growth analyses suggests that diploidized cells are better able to tolerate the SPB defects observed in rscΔ cells. Perhaps this is because of gene dosage differences acquired from autodiploidization or perhaps the increased cell size and accompanying increase in protein biosynthesis (Marguerat and Bähler, 2012) . Such tolerance does not scale with ploidy, because we see no evidence of tetraploidization of rsc mutants, even though wild-type tetraploids are stable. The aneuploidy and reductional division that we see when we force rsc mutants to tetraploidize is reminiscent of the gain-in-ploidy/aneuploidy vector followed by some tumor cells (Davoli and de Lange, 2011) and so could be a useful model for that mode of oncogenesis.
RSC homologues in metazoans
We have established a role for RSC in Ndc1 and Nbp1 distribution to the duplicating SPB, a critical step for SPB insertion and subsequent ploidy maintenance in budding yeast. Interestingly, the mammalian RSC homologue PBAF (SWI/SNF-B) localizes to centrosomes (Xue et al., 2000) , and mutations in the PBAF subunit hSNF5 (the homologue of yeast SFH1) are present in aggressive polyploidized cancer cells (Isakoff et al., 2005; Vries et al., 2005) . Despite the differences in centrosome biology between yeast and humans, our study reveals that RSC can facilitate ploidy maintenance by mechanisms distinct from gene expression regulation and raises the possibility of a general role for RSC in regulating the function of microtubule-organizing centers. Moreover, because ploidy increases and chromosome segregation errors both contribute to genome instability and cancer progression (Davoli and de Lange, 2011) , such a novel role for SWI/SNFrelated complexes might be exploited therapeutically (St Pierre and Kadoch, 2017) .
Materials and methods
Yeast strains and media
Yeast strains used in this study (Table S4) are derivatives of BY4741, BY4742, or BY4743 (Brachmann et al., 1998) with the exception of Y8800 and Y8930, which are derivatives of W303. Strains were constructed using standard yeast techniques, and, unless otherwise stated, standard yeast media and growth conditions were used (Sherman, 2002) . Medium containing galactose contains 2% galactose and 1% raffinose instead of 2% glucose. Plasmids used in this study are listed in Table S5 . In wild-type cells, RSC facilitates appropriate distribution of Nbp1 to the duplicating SPB. Nbp1 stabilizes Ndc1 at the new SPB, which promotes SPB maturation. The new SPB is then able to nucleate both cytoplasmic and nuclear microtubules to facilitate accurate chromosome segregation and ploidy maintenance. (b) In rscΔ mutants, Nbp1 distribution is compromised, resulting in the loss of Ndc1 at SPBs and an accumulation of Ndc1 at NPCs, resulting in nuclear envelope (NE) stress. The resulting dead SPB is able to nucleate microtubules from the cytoplasmic side but not from the nuclear side, resulting in a nondisjunction event and spontaneous diploidization.
Heterozygous rscΔ strains were sporulated on solid sporulation medium for at least 1 wk at 23°C; tetrads were dissected and grown at 30°C for 2-4 d until colonies were large enough for replica plating for genotyping. Once appropriate strains were obtained, rscΔ mutants were used immediately for experimentation and were never stored at 4°C (low temperature causes rapid diploidization). For long-term storage, freshly germinated rscΔ strains were grown in liquid medium to saturation (10 generations) and stored at −80°C in 18% glycerol. When thawing rscΔ strains, the number of generations was closely monitored to ensure that the ploidy state was known.
Wild-type tetraploid strain CCT3 was a gift from M. Dunham (University of Washington, Seattle, WA). Tetraploid rsc2Δ and htl1Δ homozygotes were created by placing a single MATa/a and MATα/α cell together on a YPD plate by using a dissection microscope. Plates were incubated for 3 d, and ploidy was checked by flow cytometry (described below; Bellay et al., 2011) . The HTL1 shut-off allele was made by amplifying the GAL1,10 promoter, the HTL1 gene, and the URA3MX cassette from pBY011-HTL1 (Hu et al., 2007) followed by co-integration at the HO locus. GFP-tagged constructs were amplified from GFP collection strains (Huh et al., 2003) . The Hta2-mCherry allele was amplified from MC193, and Spc42-mCherry was tagged using pKT-mCherry-hphMX (gifts from M. Cox in B. Andrews's laboratory, University of Toronto, Toronto, Canada).
For TSY152 and TSY153, the presence of p5587-NBP1-kanMX was required to keep the strain in the haploid state. We found that even in a wild-type strain (TSY152), GFP tagging the chromosomal NBP1 allele caused spontaneous diploidization. For TSY169, an HTL1 shut-off strain containing Spc42-mCherry was plated onto medium containing galactose and 5-FOA to select for cells that no longer expressed Ura3 from the URA3MX cassette marking the galactose-inducible HTL1 allele at the HO locus. The resulting strain was grown on SD minus uracil plates to confirm the loss of a functional Ura3 gene and then transformed with pTK239 (gift from E. Schiebel, Universität Heidelberg, DKFZ-ZMBH Allianz, Heidelberg, Germany) and selected on SD minus uracil plates.
Diploidization assay
A colony originating from a freshly germinated spore was used to inoculate a 5-ml culture and incubated for 24 h at 30°C. If the culture was saturated (i.e., had an OD 600 ≥10), a 100-µl sample was allowed to grow in fresh YPD for 4-6 h and then was fixed for flow cytometric analysis. Cells from the saturated culture were also used to inoculate a fresh 5-ml culture 1 in 1,000, and the cycle was repeated 10 times (i.e., for ∼100 generations of growth). If a strain had an OD 600 <10 after incubation for 24 h at 30°C, cells were allowed to incubate for additional 12-h increments until an OD 600 ≥10 was reached.
Flow cytometry
Cells were prepared for flow cytometry as in Bellay et al. (2011) . In brief, harvested cells were fixed in 70% ethanol for at least 15 min at room temperature, washed with water, and incubated in 0.2 mg/ml RNaseA (BioShop) in 50 mM Tris, pH 8.0, for 2 h at 37°C. Samples were then resuspended in 50 mM Tris, pH 7.5, containing 2 mg/ml proteinase K (BioShop), incubated at 50°C for 40 min, and resuspended in FACS buffer (200 mM Tris, pH 7.5, 200 mM NaCl, and 78 mM MgCl 2 ). Cells were stained with 2× SYBR Green (Life Technologies) in 50 mM Tris, pH 7.5. The samples were briefly sonicated and analyzed by using a Becton Dickinson FAC SCalibur. Data were analyzed by using FlowJo Flow Cytometry Analysis Software and plotted on a linear scale unless otherwise stated.
Growth assays
Saturated cultures were diluted to OD 600 = 0.0625 in 100 μl of YPD and transferred to a 96-well flat-bottom plate. The wells were sealed, and growth was monitored in a TEC AN microplate analyzer by measuring OD 600 every 10 min for 2,000 min. The plate was incubated at 30°C and agitated between measurements for the duration of the experiment. Wells containing only YPD medium were used to normalize the OD 600 measurements, and the corrected values were plotted to make growth curves. The maximum slope (m max ) was determined by using a growth-rate algorithm in R designed by D. Carpenter in D. Botstein's laboratory (Princeton University, Princeton, NJ). The maximum doubling time was then calculated using the formula ln(2)/m max . The difference between haploid and diploid strains containing the same rscΔ was considered statistically supported if the P value was <0.05 by a one-tailed Student's t test.
Viability assay
Cells were grown overnight in rich medium to mid-logarithmic phase. A 500-μl sample was harvested at 5,000 rpm for 2 min. Cells were resuspended in 10 μl of filter-sterilized 0.01% methylene blue dye in 2% sodium citrate and incubated for 5 min at room temperature. 10 μl of sterile H 2 O was added to the cells and incubated for 5 min. 3 μl of stained cells were spotted onto a microscope slide and covered with a glass coverslip. Cells were imaged on a Nikon Eclipse E400 light microscope. For each sample, 200 cells were scored by eye as white (alive) or blue (dead).
Detection of morphological mutants
We focused on two traits of cell morphology: cell size (C101_A1B) and roundness of bud (C114_A1B) at S/G 2 phase. Morphological abnormality of 4,718 mutants in the two traits were tested by a one-sample two-sided test with normal distribution after Box-Cox power transformation with 126 replicates of his3Δ, as described previously (Ohya et al., 2005) . To estimate false discovery rate, P values of 4,718 mutants of the two traits were subjected to qvalue function in the qvalue package (Storey, 2002) of R (https:// cran .r -project .org/ ). At a false discovery rate of 0.05, 532 and 392 of the 4,718 mutants had a statistically supported difference in the cell size (C101_A1B) or in roundness of bud (C114_A1B) at S/G2 phase, respectively.
PCA of morphological data
Morphological data for 109 replicates of diploid BY4743 cells (Ohya et al., 2015) , 4,718 haploid deletion mutants of nonessential genes, and 126 replicates of the his3Δ control strain (Ohya et al., 2005) were used. For each morphological trait, the data for 4,718 mutants and 109 replicates of BY4743 were normalized by Box-Cox power transformation with 126 replicates of the his3Δ control, as described previously (Ohya et al., 2005) . We selected 254 of 501 traits to have normality in transformed data of his3Δ at P > 0.5 by the Shapiro-Wilk test as described previously (Ohya et al., 2005) . Z values of his3Δ and BY4743 were subjected to PCA with the 254 traits, followed by projection of Z values of 4,718 mutants. PC1 and PC2 explained 87.1% and 3.2% of variance, respectively. Of the 254 traits, 120 traits had significant PC loadings for PC1 at >0.6 of absolute value of PC loading (P < 1.10 −22 after Bonferroni correction, by Student's t test). The 120 traits were classified into 10 groups by a hierarchical cluster analysis with complete linkage of dissimilarity (1 − |correlation coefficient|) among 126 replicates of his3Δ and are listed in Table S1 .
Normalization of newly acquired morphological data and projection onto PCs New morphological datasets were acquired for 11 replicates of BY4741, 5 replicates of BY4743, 5 replicates of a MATa/MATa diploid, and 3 replicates of each temperature-sensitive mutant of STH1, as described (Ohya et al., 2005) . For each morphological trait, the data were normalized by Box-Cox power transformation with 126 replicates of haploid his3Δ. The mean of the Z value calculated from the 11 replicates of BY4741 in each trait was subtracted from Z values of the newly acquired morphological data. Subsequently, the Z values were projected onto the PC1 and the PC2 calculated by Z values of his3Δ and BY4743 with the 254 traits, as described above.
Fluorescence microscopy
For static imaging of live cells, 1 ml of logarithmically growing cells at OD 600 = 0.5 (or equivalent) was harvested, washed in low-fluorescence medium twice, and resuspended in 5-10 µl of low-fluorescence medium. Then, 3 µl of cells was spotted onto a microscope slide and covered with a glass coverslip. For livecell imaging, 300 µl of logarithmically growing cells in YPD was loaded into CellAsic ONIX haploid plates (Y04; Millipore), which were controlled with the Microfluidic Perfusion Platform (model Ev-262).
For (Fig. 5 , a-c), strains were grown in YPGR overnight to mid-logarithmic phase. Cells were washed in YPD twice, resuspended in fresh YPD medium, and cultured for 8 h. Every hour, a 1-ml sample was removed, and the cell density was adjusted to keep cells in logarithmic phase. Each sample was fixed immediately by incubation in 4% PFA in 3.4% sucrose at room temperature for 15 min. The PFA was quenched with 200 mM glycine at room temperature for 10 min. The fixed cells were washed with 0.1 M KPO 4 /sorbitol buffer twice and resuspended in 5-10 µl of 0.1 M KPO 4 /sorbitol buffer. Samples were stored at 4°C until imaged on a confocal microscope. Fixed cells produced the strongest fluorescent signals if imaged within 48 h.
For all imaging except Fig. S2 e, confocal images were acquired with a Leica DMI6000 microscope equipped with an HCX PL APO 63× oil 1.40-0.60 NA objective by using Volocity imaging software (PerkinElmer) and a Hamamatsu ImageM EM-CCD digital camera. GFP was excited with a 491-nm laser line, and mCherry was excited with a 561-nm laser line. Images represent a projection of 11 z-slices taken with 0.4-µm step size for each channel. For Fig. S2 e, selected confocal images were acquired with a Nikon Eclipse TI microscope equipped with an Apo TIRF 100× oil 1.49 NA objective and a Yokagawa CSU W1 spinning disk set to use the 50-μm pinhole wheel. The detector was an Andor DU897 EMC CD. All excitation was accomplished with a 405/488/561/640 dichroic, and GFP was excited with a 488-nm laser line, and mCherry was excited with a 561-nm laser line. GFP emission was collected through an ET525/36m filter, and mCherry emission was collected through an ET605/70m filter. Images represent a projection of 17 z-slices taken with 0.4-µm step size for each channel.
For SIM, cells were fixed in 4% PFA (Ted Pella) in 100 mM sucrose for 15 min at room temperature and then washed twice in phosphate-buffered saline, pH 7.4. SIM images were acquired with an Applied Precision OMX Blaze (GE Healthcare) as described (Burns et al., 2015) .
All microscopy was performed at room temperature, and images were processed by using FIJI (ImageJ, National Institutes of Health).
SGA analysis
A diploid query strain was created by mating Y7091 with Y7092. The resulting diploid was transformed with PCR-amplified natMX cassette (from the plasmid p4339) containing homology to the 5′ and 3′ UTR of each RSC gene. Each resulting deletion was confirmed by PCR and then sporulated on solid sporulation medium for at least 1 wk at 23°C. Tetrads were dissected, and plates were incubated at 30°C for 2 d. Strains were genotyped by replica plating onto appropriate medium, and plates were incubated for an additional day at 30°C. The colony with the desired genotype was used to inoculate a YPD culture to make lawns for SGA. Standard SGA protocols were then followed (Tong et al., 2001) . In brief, the freshly germinated rscΔ query strain was mated to the arrayed haploid yeast deletion collection or haploid yeast temperature-sensitive allele collection. Colonies were transferred to appropriate media to select for diploids, to sporulate diploids, and to select for MATa haploid cells containing both mutations. Each screen was performed once with each double mutant having four replicate colonies. Colony size was measured and compared with each single mutation as described previously (Costanzo et al., 2010) . If the size of the double-mutant colony was greater than or less than expected, based on a multiplicative model of the single mutations alone, then genetic interactions were scored as positive or negative, respectively.
Dosage suppression spot assay
Plasmids from the MoBy-ORF v2.0 collection (Magtanong et al., 2011) containing the indicated SPB genes were transformed into the HTL1 shut-off strain, and transformants were selected on synthetic medium containing galactose and lacking leucine (SGR-leu). Colonies were grown to saturation in liquid SGR-leu media. Cell density was measured, and each culture was diluted to an OD 600 of 0.5 in a total volume of 200 µl in a 96-well flat bottom plate. 10-fold serial dilutions were made in adjacent wells, and cells were pinned onto SGR-leu plus G418 or SD-leu plus G418. Plates were incubated at 30°C for 3-5 d and imaged using a Canon CanoScan 8800F Scanner. TEM Cells were grown to logarithmic phase in YPGR, washed with YPD, and grown in YPD for 12 h. Cells were harvested and frozen on a high-pressure freezer (EM ICE; Leica) at ∼2,050 bar, transferred under liquid nitrogen into 2% osmium tetroxide/0.2% uranyl acetate/acetone, and transferred to an automatic freeze substitution (AFS2) chamber (Leica) at −140°C. The freeze substitution protocol was as follows: −90° raised to −80° over 60 h, −80° raised to −60 over 5 h, held at −60 for 4 h, −60 to −20° over 5 h, held at −20° for 4 h, −20° to 0° over 4 h, and held at 0° for 5 h. Next, samples were removed from the AFS2, incubated at room temperature for 1 h, washed with acetone four times over 1 h, and removed from the planchettes. Samples were embedded in acetone/epon mixtures to final 100% epon as described previously (McDonnald, 1999) . Finally, 50-nm serial thin sections were cut on an ultramicrotome (model UC6; Leica), stained with uranyl acetate and Sato's lead, and imaged on a transmission electron microscope (Tecnai Spirit; FEI).
Image quantification
Quantification of Nbp1-GFP at SPBs or Ndc1-GFP at the SPB and NPC was performed with custom plugins (available at http:// research .stowers .org/ imagejplugins) written for ImageJ as described (Chen et al., 2014) . In brief, SPBs marked with Spc42-mCherry were used to determine the boundary of the SPB. This boundary was applied to the GFP channel to measure Nbp1-or Ndc1-GFP levels at the SPB. To measure Ndc1-GFP at the NPC, Ndc1-GFP at the nuclear periphery was measured, excluding the pool of Ndc1-GFP at the SPB. For Nbp1-GFP, the edge of the SPB was extended by 1 pixel to obtain a measurement of background cellular fluorescence. This value was then subtracted from the SPB value to obtain a more accurate measure of Nbp1-GFP at the SPB. A difference in Nbp1-GFP at SPBs or Ndc1-GFP at the SPB and nuclear envelope after growth in media containing glucose for 0 h or 24 h was considered statistically supported if the P value was <0.05 by a two-tailed Mann-Whitney test. Quantification of Nbp1-GFP in the whole cell was performed in ImageJ. The GFP background signal was identified by using an Otsu threshold (Otsu, 1979) on summed projections of confocal images, and these pixels were set to "nota-number" and subtracted from the entire image. Then, the mean GFP intensity per pixel was measured for at least 100 cells.
Quantification of NPC aggregation was performed on summed projections of confocal images in ImageJ. First, the background signal was set to "not-a-number" and subtracted from images by using a default threshold of 40,000 arbitrary units. A bin size of 500 arbitrary units was applied, and the resulting values were plotted. The threshold for NPC aggregation was determined by manually measuring pixel intensity at abnormal NPCs and setting a value that was below all pixels found in altered NPCs (100,000 arbitrary units). A one-tailed Mann-Whitney test was used to test whether the distribution of Nup-GFP intensity decreased when NBP1 was overexpressed compared with the empty vector control after Htl1 was depleted for 24 h. A P value <0.05 was considered to indicate statistical support.
CGH
After germination of heterozygous rscΔ strains, the ploidy of each strain was monitored by flow cytometry (Fig. 1 b) . Genomic DNA from the sample that contained >95% diploid cells with the lowest number of generations was isolated. Genomic DNA from wild-type cells arrested in G 1 with α-factor was used as the control sample. CGH was performed essentially as described previously (Dion and Brown, 2009; Chambers et al., 2012) . In brief, genomic DNA was amplified by using a WGA2 kit (Sigma) and treated with DNaseI (NEB) to fragment DNA to a mean 50-bp length. Then, DNA fragments were labeled with biotin-N 6 -ddATP (Enzo Life Sciences) by using terminal deoxynucleotidyl transferase (Fermentas), hybridized to an S. cerevisiae Tiling Array (Affymetrix), and visualized using streptavidin R-phycoerythrin conjugate (Invitrogen) and normal goat IgG (Sigma). Experiment signal intensities from each microarray were compared with the control sample using Tiling Analysis Software (Affymetrix) using quantile normalization, perfect match probes only, a bandwidth of 60, maximum gap of 80, and minimum run of 40. The CGH profiles were generated with IGB 6.3 (Affymetrix).
Mating-type PCR assay
Genomic DNA was isolated from cells using the MasterPure Yeast DNA Purification kit (Epicentre). PCRs were performed by using an α-specific forward primer (5′-GCA CGG AAT ATG GGA CTA CTT CG-3′) and a reverse primer that corresponded to sequence flanking either the 3′ UTR of the MAT locus (5′-AGT CAC ATC AAG ATC GTT TAT GG-3′), or the 3′ UTR of the HMLα locus (5′-TGT TAC GGA GAT GCA AAG CT-3′). Standard PCR methods were used with Taq polymerase (Invitrogen) with an annealing temperature of 49°C. Amplified DNA was separated on a 1% agarose gel alongside a 1-kb DNA ladder (FroggaBio) and imaged using a GelDoc XR (BioRad).
RNA sequencing and data analysis
Freshly germinated wild-type and rscΔ strains or a wild-type or htl1Δ strain containing a glucose-repressible HTL1 allele was grown to logarithmic phase, and total RNA was isolated by using a RiboPure-Yeast kit (Ambion). Polyadenylated RNA species were captured by oligoDT beads (Illumina) and sequenced at the Donnelly Sequencing Facility by using the HiSeq 2500 (Illumina), multiplexing 18 samples per lane. The number of reads per sample ranged from 10.6 to 14.1 million. Data were analyzed using Galaxy (Afgan et al., 2016) by using the Tuxedo protocol (Trapnell et al., 2012) . Reads were mapped to the SacCer3 reference genome downloaded from the Saccharomyces Genome Database website using TopHat. Mapped reads were assembled into transcripts using Cufflinks. Assembled transcripts and mapped reads were combined with Cuffmerge, and differentially expressed genes were identified with CuffDiff. Annotations in Table S2 were accessed from the Saccharomyces Genome Database using g:Convert from g:Profiler (Reimand et al., 2016) . Raw sequencing data can be accessed on GEO Omnibus with accession no. GSE106768.
BiFC
MATa strains expressing VN-fusion proteins and MATα cells expressing VC-fusion proteins were mated on YPD plates and grown overnight at 30°C, and diploids were selected by growth on SD −ura +G418 plates. The resulting diploids were grown to mid-logarithmic phase in YPD, and live cells were imaged by using Volocity imaging software (PerkinElmer) controlling a Leica DMI6000 confocal fluorescence microscope. Y2H NUD1, BBP1, RSC30, RTT102, and SPC110, were amplified from BY4741 with primers containing attB sites. Escherichia coli strains carrying the BG1805 plasmids containing all other ORFs of interest flanked by attB sites were purchased from GE Healthcare Life Sciences. Each ORF was transferred to the donor plasmid pDONR-201or pDONR-221, which was used as the entry vector for the Gateway protocol (Invitrogen). In brief, the entry vector containing the ORF of interest was recombined with destination plasmids containing either the Gal4 activation domain (pDEST-AD) or Gal4 DNA-binding domain (pDEST-DBD). The resulting plasmids contained an ORF with the AD or DBD fused to the N terminus and were transformed into Y8800 (MATa) and Y8930 (MATα), respectively. Self-activation of the DBD-X and AD-Y was assessed by mating the DBD-X (MATα) or AD-Y (MATa) with yeast strains carrying empty vector expressing only the AD or DBD. After mating, diploids containing both the bait (Gal4-DBD-X) and the prey (Gal4-AD-Y) were isolated, grown overnight in SD-leu-trp medium at 30°C, serially diluted, and then spotted onto SD-leu-trp, SD-leu-trp-his and SD-leu-trp-his + 3AT (0.5 mM and 1 mM) plates. The plates were incubated at 30°C for 3-4 d and imaged on a Canon CanoScan 8800F Scanner.
Raw images
Original data underlying Fig. 3 Online supplemental material Fig. S1 shows analysis of diploidized rscΔ mutants. Fig. S2 shows characterization of SPB defects in rsc mutants. Fig. S3 identifies transcriptional targets of RSC and shows a lack of physical interaction between RSC and SPB components. Fig. S4 shows the consequences of depleting Htl1 on ploidy and SPB size and localization. Fig. S5 shows corresponding flow cytometry for samples in Fig. 6 . Fig. S6 shows corresponding flow cytometry for samples in Fig. 8 and raw data for Fig. 8 (c and d) . Table S1 shows morphological features extracted from analysis in Fig. 2 b. Table S2 shows RNA sequencing data for rsc mutants. Table S3 shows SGA data for rscΔ mutants. Table S4 lists yeast strains used in this study. Table S5 lists plasmids used in this study. Videos 1-5 contain the image sequences from Fig. 3 d. 
